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1  | INTRODUCTION





Current	 (ACC)	 is	 the	world’s	 strongest	major	 current	 that	 has	 been	





































Ophionotus victoriae	has	a	 long-	lived,	planktotrophic	 larvae,	remaining	
in	the	water	column	for	several	months	(Pearse,	McClintock,	&	Bosch,	











species,	 and	 to	provide	 insight	on	processes	of	dispersal	 and	histori-





and	COI	 genes	 to	 allow	direct	 comparisons	 to	 results	 of	Hunter	 and	
Halanych	 (2010)	 as	 well	 as	 a	 high-	resolution	 whole-	genome	 single-	
nucleotide	 polymorphism	 (SNP)-	based	 approach,	 specifically	 2b-	RAD	
(Wang,	Meyer,	McKay,	&	Matz,	2012).	This	latter	approach	was	chosen	
as	restriction-	associated	DNA	(RAD)-	tags	have	been	shown	to	identify	
fine-	scale	 population	 structure	 in	marine	 species	 beyond	 the	 resolu-
tion	of	mtDNA	genes	(Benestan	et	al.,	2015;	Reitzel,	Herrera,	Layden,	
Martindale,	&	Shank,	2013).	Assessing	population	structure	for	organ-






Foundation	(NSF)-	sponsored	research	expeditions	(RVIB Nathaniel B. 
F I G U R E  1  (a)	Aboral	view	of	Ophionotus victoriae.	(b)	Oral	view	of	
O. victoriae.	(c)	Yo-	Yo	camera	image	of	SO	benthic	ecosystem	consisting	
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Palmer	 12-	10,	RV Laurence M. Gould	 04-	14,	06-	05	&	13-	12),	 three	
British	 Antarctic	 Survey	 (BAS)-	sponsored	 expeditions	 (RRS James 
Clark Ross	JR144,	JR179,	and	JR230),	and	from	an	Alfred	Wegener	




Halanych	 (2010)	were	 kindly	made	 available	 from	 the	NSF	 IceFish	
cruise	 and	W.	Deitrich	 (OPP-	0132032).	 In	 total,	 the	mitochondrial	
dataset	included	414	specimens	over	88	sampling	localities	that	span	
the	 Ross,	 Amundsen,	 Bellingshausen,	 Antarctic	 Peninsula,	Weddell	
Seas	 and	 oceanic	 islands,	 or	 a	 geographic	 distance	 of	 >7,000	km	
(Figure	2	and	Table	S1).	Samples	available	 for	2b-	RAD	analyses	 in-
cluded	 96	 specimens	 from	15	 sampling	 localities	 ranging	 from	 the	




sue	 kit	 following	 the	 manufacturer’s	 protocol.	 Extracted	 DNA	 was	
utilized	in	amplification	of	two	mtDNA	fragments	from	the	COI	and	
16S	 genes.	 Because	 COI	 sequences	 typically	 provide	 considerably	
more	 resolution	 then	16S	data	 (Mahon,	Arango,	&	Halanych,	2008;	
Thornhill	 et	al.,	 2008;	 Wilson,	 Schrödl,	 &	 Halanych,	 2009),	 we	 al-
located	 resources	 to	 maximize	 the	 number	 of	 individuals	 sampled	
for	 COI.	 A	 ~560-	bp	 fragment	 of	 COI	 was	 amplified	 for	 414	 sam-








(Palumbi,	 2007)	 16SarL	 (5′-	CGCCTGTTTATCAAAAACAT-	3′)	 and	
16SbrH	(5′-	CCGGTCTGAACTCAGATCACGT-	3′).	PCR	cycling	condi-
tions	employed	for	16S	were	as	follows:	initial	denaturation	at	94°C	
for	 3	min;	 35	 cycles	 of	 denaturation	 at	 94°C	 for	 30	s;	 annealing	 at	
46°C	for	30	s;	extension	at	72°C	for	30	s;	and	final	extension	at	72°C	
for	3	min.	Amplicons	for	the	COI	and	16S	genes	were	sent	to	Genewiz,	
Inc.	 (South	Plainfield,	NJ,	USA)	 for	 bidirectional	 Sanger	 sequencing.	
Chromatograms	were	assembled	and	edited	using	Sequencher® 5.4 
(Gene	 Codes,	 Ann	 Arbor,	 MI,	 USA),	 and	 finished	 sequences	 were	
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aligned	with	MEGA	6	(Tamura,	Stecher,	Peterson,	Filipski,	&	Kumar,	



















pling	 locations	 from	 the	 Ross	 through	 the	 western	Weddell	 Seas	
were	examined.	Due	to	logistical	issues,	only	samples	from	the	RVIB 
Nathaniel B. Palmer	12-	10	and	RV Laurence M. Gould	13-	12	cruises	
were	available	 for	2b-	RAD	processing.	Samples	were	prepared	 fol-
lowing	 Wang	 et	al.’s	 (2012)	 2b-	RAD	 protocol	 with	 the	 restriction	
enzyme	AlfI.	To	avoid	potential	 issues	with	PCR	inhibitors	 in	O. vic-
toriae,	 samples	were	extracted	using	Qiagen’s	DNeasy®	 Plant	Mini	
Kit.	 Selection	of	 an	 appropriate	 reduction	 scheme	was	 carried	 out	
by	utilizing	the	genome	size	of	Ophioplocus esmarki	(C-	value	=	3.00)	
(Hinegardner,	1974)	as	a	proxy	as	it	is	the	most	closely	related	ophi-
uroid to O. victoriae	 for	which	such	 information	was	available.	Due	
to	 the	 large	 estimated	 genome	 size	 of	 O. victoriae,	 samples	 were	
prepped	and	dual-	barcoded	targeting	a	reduced	subset	of	AlfI	sites	
through	a	1/32nd	reduction	scheme	to	target	roughly	2,000	SNPs.	
Sequencing	was	 performed	 at	 the	Genome	 Services	 Laboratory	 at	
HudsonAlpha	 Institute	 for	 Biotechnology	 (Huntsville,	 Alabama)	 on	
an	 Illumina	Hi-	Seq	2000	using	v4	 chemistry	 and	generating	50-	bp	
single-	end	reads.
Raw	Illumina	reads	were	demultiplexed	by	sample,	quality-	filtered,	



















an	 admixture	model	with	 correlated	allele	 frequencies;	 (3)	 a	50,000	











additional	 approaches	 to	 estimate	 K.	 SMARTPCA	 (Patterson,	 Price,	
&	Reich,	2006)	was	used	to	further	validate	population	structure	by	
performing	principal	component	analyses	 (PCAs)	 in	 the	EIGENSOFT	
software	package	(Price	et	al.,	2006).	Samples	were	analyzed	and	la-
beled	by	both	STRUCTURE	K	results	and	geographic	region	for	PCAs.	
Geographic	 regions	 for	 PCAs	 include	Ross	 Sea,	 Bellingshausen	 Sea,	
western	Antarctic	Peninsula,	Bransfield	Strait,	and	Weddell	Sea.	One	
sampling	 locality	 in	the	Bransfield	Strait	 (Op877)	was	 likely	an	 inter-
mixing	 site	 based	 on	 results	 of	 STRUCTURE	pairwise	FST	 and	PCA.	
Thus,	 analyses	were	 performed	 considering	Op877	 as	 belonging	 to	
both	 possible	 source	 populations.	This	 did	 not	 affect	 interpretation	
of	results,	and	thus,	samples	from	Op877	were	pooled	with	the	pop-
ulation	 for	 which	 it	 is	 the	 most	 similar,	 the	Weddell-	A	 population.	













described	 in	 Figure	 S1.	 Input	 populations	 needed	 for	DIYABC	v2.0	
analyses	 were	 selected	 based	 off	 results	 of	 STRUCTURE	 analyses.	
DIYABC	v2.0	uses	principal	component	analyses	(PCAs)	to	determine	
the	confidence	in	each	scenario	and	priors.










ture within O. victoriae.	 COI	 data	 analyzed	 from	 414	 individual	
yielded	 an	 increased	 nucleotide	 diversity	 from	 an	 extended	 geo-
graphic	 range	 in	 comparison	 with	 16S	 or	 concatenated	 COI	 and	
16S	data	 for	252	 individuals	 (Table	1).	Thus,	 the	 following	discus-
sion	 focuses	mainly	 on	 COI	 results	 as	 this	marker	 provided	more	
phylogeographic	signal.	Analyses	of	16S	and	concatenated	dataset	
are	more	 fully	 reported	 in	 Supplementary	Materials.	 Tests	 for	 se-
lection	 via	 Tajima’s	D	 were	 negative,	 but	 not	 significant	 (p	>	.10),	
for	 both	mitochondrial	markers	 (Table	1).	AMOVA	 results	 for	COI	
data	with	 groupings	defined	by	 geographic	 regions	 (i.e.,	 Ross	 Sea,	
Bellingshausen	 Sea–Amundsen	 Sea,	 Western	 Peninsula,	 Weddell	
Sea,	and	oceanic	islands)	revealed	37.87%	of	the	molecular	variation	
as	 occurring	 between	 geographic	 regions	 (Table	2).	 Additionally,	
three	major	lineages	were	recovered	in	the	parsimony	network	anal-
ysis	of	COI	(Figure	3a),	primarily	corresponding	to	the	following	geo-
graphic	 regions:	 (I)	Amundsen	and	Bellingshausen	Seas	with	 some	
individuals	from	the	western	Weddell	Sea;	(II)	the	western	Weddell	
Sea	 with	 oceanic	 islands;	 and	 (III)	 the	 Ross	 Sea	 with	 the	 eastern	




The	 histogram	 of	 uncorrected	 pairwise	 distances	 (Figure	3b)	
yielded	four	distinct	modes.	The	most	distant	mode	(~20.3%–22.1%,	
mean	=	21.2%)	 represented	 comparisons	 between	Ophiacantha and 
Ophionotus,	and	second	mode	(~4.2%–5.3%,	mean	=	4.6%)	represents	
comparisons	 between	 O. victoriae and O. hexactis.	 Finally,	 compari-
sons within O. victoriae	samples	yielded	two	distinct	modes.	The	mode	
closest	to	the	origin	(~1.8%–4.0%	mean	=	2.8%)	represents	compari-
sons	between	individuals	restricted	to	subnetwork	 lineages	I,	 II,	and	











excluded,	resulting	 in	removal	of	seven	samples,	thus	 leaving	89	 in-














depict	K = 2 and K = 8,	respectively).
Population	 structure	 was	 further	 investigated	 with	 SMARTPCA	
analyses	 that	 revealed	 geographic	 structuring	 in	 concordance	 with	
STRUCTURE.	Figure	5	and	Table	S3	portray	significant	PCA	results	with	
samples	 labeled	 by	 genetic	 populations	 identified	 by	 STRUCTURE’s	
K = 4.	 All	 pairwise	 comparisons	 of	 the	 four	 STRUCTURE	 popula-
tions	were	significantly	different	as	 judged	by	a	chi-	square	test	with	
a p	<	.01	cutoff	(Table	S3).	To	understand	whether	major	geographic	






BayeScan	 analysis	 of	 filtered	 SNP	 loci	 reported	 only	 one	 locus	
under	 possible	 selection.	When	 the	 sequence	 containing	 this	 SNP	
was	 searched	 using	BLAST	 on	 the	NCBI	webserver,	 a	 100%	match	
came	 back	 to	 two	 different	 genes,	 specifically	 leucoanthocyanidin	
dioxygenase	 and	 fam206a.	Due	 to	 the	 nature	 of	 the	 short	 36-	base	




Number	of	samples 414 251 251
Nucleotide	diversity 0.0179446 0.00394178 0.00989389






















6 2666.908 17.744 21.99185
Within	
populations
403 13048.374 32.378 40.13013
Total 413 29548.06 80.638
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SNP-	containing	fragment.	Furthermore,	Hardy–Weinberg	equilibrium	
was	 not	 violated	 for	 any	 loci	 (summary	 analyses	 for	 every	 locus	 in	
every	population;	a	χ2	=	91.12,	df	=	108	and	p	=	.879).
ABC	 analyses	 compared	 the	 fit	 of	 seven	 historical	 scenarios	 for	
the	four	genetic	populations	identified	by	STRUCTURE.	These	seven	
scenarios	were	chosen	based	on	results	of	the	mtDNA	analyses,	geo-
graphic	 history	 of	 Antarctica,	 and	 knowledge	 of	 oceanic	 currents.	
Each	of	the	four	populations	 includes	two	Weddell	Sea	populations,	
a	 Bellingshausen	 Sea	 population,	 and	 a	 population	 that	 includes	
both	 the	 western	 Antarctic	 Peninsula	 and	 the	 Ross	 Sea	 (consis-
tent	with	 Figure	4).	 In	 the	 highest	 scoring	 scenario,	 Scenario	 1,	 the	
Bellingshausen,	 Weddell,	 and	 Ross/Western	 Peninsula	 populations	




provided	 strong	 evidence	 for	 regional	 genetic	 structure	 of	O. victo-
riae.	 Based	 on	 analyses	 of	 total	 SNP	 data	 (STRUCTURE	 analyses,	
Figure	4	 and	 pairwise	 FST	 Table	4),	 four	 genetically	 distinct	 popu-
lations	 are	 clearly	 identified:	 Ross	 Sea/Western	 Peninsula	 (R/WP),	
Bellingshausen	 Sea	 (B),	 Weddell	 Sea-	A/Bransfield	 Strait	 (WA/BS),	
and	Weddell	Sea-	B	(WB)	populations.	Of	the	two	populations	within	
Weddell	Sea,	one	population	 (WB)	consists	of	 individuals	 from	 two	
different	 mtDNA	 lineages	 (I	 and	 II)	 collected	 at	 three	 sampling	 lo-




the	 two	geographic	 regions	comprising	 the	 (R/WP)	population,	was	


















and	 oceanic	 islands).	 Lineage	 III,	 which	 includes	 the	 Ross	 Sea	 and	
eastern	Weddell	Sea	samples,	was	also	the	most	geographically	wide-
spread	 clade	 and	 yet	 the	 least	 variable,	 as	 no	 haplotypes	 are	more	















Weddell	(WB) 0.12676 0.13214 0.08039 –

























































































































































alone	 (Wilson,	 Hunter,	 Lockhart,	 &	Halanych,	 2007).	 Later	 analyses	
revealed	 all	 six	 lineages	 to	 be	 circumpolar,	 likely	 sympatric	 and	 eu-
rybathic,	with	only	 two	unrecognized	 species	 (Hemery	et	al.,	 2012).	
Similarly,	 population	 genetic	 analyses	 of	 two	 abundant	 and	 wide-
spread	SO	pycnogonids,	Colossendeis megalonyx and Colossendeis ro-
busta,	revealed	multiple	cryptic	species	as	well	(Dietz,	Pieper,	Seefeldt,	
&	Leese,	2015;	Krabbe,	Leese,	Mayer,	Tollrian,	&	Held,	2010).	Genetic	



















Given	 that	echinoderm	 larvae	can	 remain	 in	 the	water	column	 for	
several	months	 in	 the	 SO	 (Pearse	 et	al.,	 1991),	 a	 circumpolar	 dis-
tribution	 for	O. victoriae	 was	 a	 plausible	 hypothesis.	 Although	we	
make	 the	 case	 that	 O. victoriae	 contains	 three	 distinct	 divergent	
mtDNA	lineages,	one	lineage	shows	genetic	connectivity	over	sev-
eral	 thousands	 of	 kilometers.	 Specifically,	 2b-	RAD	 data	 revealed	









The	 level	 of	 genetic	 differentiation	 recovered	 from	2b-	RAD	be-
tween O. victoriae	populations	in	both	STRUCTURE	and	SMARTPCA	
analyses	reveals	distinct	geographic	structure.	COI	data	 further	cor-
roborate	2b-	RAD	data	 in	 that	O. victoriae	 in	 the	Bellingshausen	Sea	
and	 Amundsen	 Sea	 appear	 to	 represent	 a	 singular,	 largely	 discon-






















































As	 seen	 in	 other	 taxa	 (e.g.,	Promachocrinus kerguelensis,	Wilson	 et	al.,	







masses,	 including	water	 from	 the	ACC,	and	 thus	populations	 in	 the	
region	(Gill,	1973;	Smith,	Hofmann,	Klinck,	&	Lascara,	1999),	repeated	
formation,	 and	 disintegration	 of	 refugia	 during	 glaciation	 events	














WA/BS	 population	 and	 R/WP	 population.	Mitochondrial	 data	 sug-
gest	that	the	eastern	Weddell	Sea	might	share	more	similarities	with	





Our	 study	 afforded	 the	 opportunity	 to	 compare	 traditional	mtDNA	
markers	 to	 a	whole-	genome	SNP-	based	 approach	 such	 as	2b-	RAD.	
Other	 studies	 have	 recognized	 the	 ability	 of	 RAD	 data	 to	 recover	
structure	 that	 traditional	 markers	 have	 overlooked	 (Reitzel	 et	al.,	
2013;	Wagner	et	al.,	2013).	Although	general	phylogeographic	struc-
ture	 of	 large-	scale	 SO	 regions	 was	 able	 to	 be	 ascertained	 through	
mtDNA,	 identification	of	 four	 distinct	 populations	 and	existence	of	







RAD	data	 in	 the	sub-	Antarctic	 islands	and	the	eastern	Weddell	Sea	
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